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(57) Abstract 



A transducer for measuring torque in a rotating shaft at least partially surrounded by a fixed housing. The transducer comprises 
an optical displacement sensing means, an optical transmission means, and an optical-electric converter means. The optical displacement 
sensing means residing on the shaft and modulating a light signal input to provide a light signal output relating to the magnitude of torque. 
The light signal output communicated to the optical-electric converter means via the optical transmission means. The optical transmission 
means comprising an optical clock spring, the optical-electric converter means either mounted to the housing or external to the housing. 
The optical clock spring comprising one or more flexible fiber optical cables, each cable arranged to be of sufficient length to allow the 
measurement of the magnitude of torque over a predetermined angular range of rotation of the shaft and the optical-electric converter means 
thereby providing an electrical output signal relating to the magnitude of the torque in the shaft. 
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TRANSDUCER FOR MEASURING TORQUE IN A ROTATING SHAFT 

TECHNICAL FIELD 

5 

This invention relates to torque transducers for measuring the magnitude of torque 
in shafts, in particular rotating shafts such as found in electric power steering 
systems in vehicle applications. 

10 BACKGROUND 

Electric power steering systems conventionally incorporate an input shaft element, 
connected via an intermediate shaft and Hookes joint arrangement to the steering 
wheel. The input-shaft therefore needs to rotate through an angle typically one to 

15 two revolutions either side of the on-centre steering position. The input-shaft is at 
least partially surrounded by the fixed housing of the steering gear. It is a 
requirement of the electric power steering servo system to accurately measure the 
continuously varying torque in this rotating shaft. Conventionally torque applied to 
the shaft causes it to angularly deflect, such deflection causing one part of the 

20 shaft to angularly displace with respect to another part, and this displacement is 
sensed to provide a measurement of this torque. 

The sensing means needs to allow for rotation of the shaft within the housing, 
usually employing non-contact or mechanical transmission means. Non-contact 
25 means include magnetic devices such as magnetostrictive or variable reluctance 
couplings. Mechanical means include slidably connected potentiometers or other 
indicating devices. 

To improve the accuracy of such sensing means a torsion bar, which may be more 
30 torsionally compliant than the shaft, is inserted in series with the shaft. When 
torque is applied the torsion bar deflects causing an increased angular 
displacement which allows the use of less sensitive or less accurate sensing 
means. 



BNSDOCID: <WO 9905493A1 I > 



WO 99/05493 



PCT/AU9S/00575 



Generally, the use of a torsion bar requires the use of a torque limiting device to 
prevent failure of the torsion bar when unavoidable torque overload conditions 
occur. 

5 

Such torque limiting devices are well known in the art of vehicle steering, and will 
therefore not be described in this specification. 

The prior art which is most closely related to that of the present invention is U.S. 
10 Patent 4,907,460 (Taniguchi, et.al.) and U.S. Patent 4,881,414 (Setaka, et.al.) 
which shows sensors employing magnetic coupling for measuring torque. 

The essence of the present invention resides in the provision of an optical 
displacement sensing means providing a light signal output which is conveyed to 
1 5 the fixed housing via an optical transmission means. The optical transmission 
means comprises fiber optical cables, which are flexible, thus are able to be 
formed as a fiber optical clockspring, which allows relative rotation of the shaft and 
housing. The advantages of such a construction over that disclosed in U.S. 
Patents 4,907,460 and 4,881 ,414 may arise as one or more of the following: 

20 

Firstly, the optical displacement sensing means is not prone to disruption from 
external electrical or magnetic fields as is generally present in vehicles. 

Secondly, the optical displacement sensing means can measure a smaller 
25 displacement than magnetic or mechanical methods without unacceptably high 
manufacturing accuracy or cost. The ability to sense a small displacement allows 
the torsion bar to be eliminated or made sufficiently stiff so that it can be used 
without torque limited devices. This allows simpler and cheaper construction of the 
transducer. 

30 

Thirdly, the optical transmission means provides a simple method of transmitting 
the signal output from the rotating shaft to the housing, without interference from 
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external electric or magnetic fields. Mounting the optical-electric converter means 
on the rotating shaft would require electrical signal transmission from the shaft to 

5 the housing, which would be prone to mechanical or electrical failure or electrical 
and magnetic interference. 

DISCLOSURE OF INVENTION 

10 One aspect of the present invention consists in a transducer for measuring torque 
in a rotating shaft, the shaft at least partially surrounded by a fixed housing, 
characterised in that the transducer comprises an optical displacement sensing 
means, an optical transmission means, and an optical-electric converter means, 
the optical displacement sensing means residing on the shaft and modulating a 

15 light signal input to provide a light signal output relating to the magnitude of torque, 
the light signal output communicated to the optical-electric converter means via the 
optical transmission means, the optical transmission means comprising an optical 
clock spring, the optical-electric converter means either mounted to the housing or 
external to the housing, the optical clock spring comprising one or more flexible 

20 fiber optical cables, each cable arranged to be of sufficient length to allow the 
measurement of the magnitude of torque over a predetermined angular range of 
rotation of the shaft, and the optical-electric converter means thereby providing an 
electrical output signal relating to the magnitude of the torque in the shaft. 

25 It is preferred that the housing substantially surrounds the shaft and an annular 
space exists there between enclosing the clockspring. In one embodiment the 
clockspring is wound into a single coil that partly winds or unwinds depending on 
the direction of rotation of the shaft. In another embodiment the clockspring is in 
the form of two coils wound in opposite directions and, for a given direction of 

30 rotation of the shaft, one coil winds and the other unwinds. 
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In one embodiment, the optical displacement sensing means comprises a 
torsionally compliant member that produces an angular or linear displacement 
between first and second positions on the shaft dependent on the magnitude of 
torque in the shaft, first and second link members are attached to the shaft at the 
first and second positions respectively, wherein the displacement results in a 
variation of distance or angle between one surface attached to the first link 

member and another surface attached to the second link member, the variation 
modulating the intensity of the light signal output compared to the light signal input. 
Preferably, one of the surfaces is reflective and the variation modulates the 
intensity of the light signal output by changing the amount of reflected light 
collected by the one or more fiber optical cables. 

In another embodiment, the optical displacement sensing means comprises a 
torsionally compliant member, and torque applied to the member results in strain in 
the compliant member, and a portion of one or more of fiber optical cables rigidly 
attached to the compliant member is thereby also strained. Preferably, the strain 
elongates a grating applied to the strained section of the cable, comprising 
repetitively spaced variations in refractive index or cable dimensions, resulting in a 
change in frequency, delay time or phase of light signal output compared to the 
light signal input. Alternatively, the strain elongates a cavity, comprising two 
partially or completely reflecting surfaces substantially parallel to each other and 
spaced by a given distance, included in the strained portion of the cable, resulting 
in a change in frequency, delay time or phase of light signal output compared to 
light signal input. 

In still another embodiment, the optical displacement sensing means comprises a 
torsionally compliant member that produces an angular or linear displacement 
between first and second positions on the shaft depending on torque, first and 
second link members are attached to the shaft at the first and second positions 
respectively and are interconnected by a beam, wherein the displacement 
produces a variation of curvature of the beam dependent on the magnitude of 
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torque. The variation of curvature results in change of shape of the one or more 
fiber optical cables attached to the surface of the beam, thereby modulating the 
intensity of the light signal output compared to the light signal input. 

5 

In one embodiment the optical-electrical converter means comprises a light 
source, which generates the light signal input. 

In another embodiment, the clockspring also comprises one of more electrical 
10 conductors used to power a light source rotating with the shaft, providing the light 
signal input. 

I 

BRIEF DESCRIPTION OF DRAWINGS 

1 5 The present invention will now be described by way of example with reference to 
the accompanying drawings, in which: 

Fig.1 is a block diagram showing the various parts of the invention; 

Fig.2 is a view of a shaft; 
20 Fig.3 is a view of a shaft including a torsion bar; 

Fig.4 is a sectional view of Fig.3 on plane AA showing measured dimension "d" for 

one embodiment of the invention; 

Fig.5 is a close up view of one portion of Fig.4; 

Fig.6 is an overall sectioned view of the same embodiment; 
25 Fig.7 is a sectional view of Fig. 6 on plane BB showing details of the optical 

clockspring; 

Fig. 8 is a sectional view similar to Fig.6 of a second embodiment of the invention; 
Fig.9 is a close-up view of Fig.8 showing the layout of the fiber optical cables on 
the torsion bar; 

30 Fig. 10 is a view of a third embodiment of the invention; 

Fig.1 1 is a sectional view of Fig. 10 on plane CC showing radius V, 
Fig. 12 is a perspective view of Fig. 1 1 , 

Fig. 13 is a view of another embodiment of the fiber optical clockspring, 
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Fig. 14 is a sectional view of Fig. 13 on plane DD; 

Fig.1 5 is a block diagram similar to Fig. 1 , showing another embodiment of the 
optical-electric converter means; and 
5 Fig. 1 6 is a block diagram similar to Fig. 1 , showing still another embodiment of the 
optical-electric converter means. 

MODE OF CARRYING OUT INVENTION 

Fig. 1 shows a block diagram of the transducer. A light signal input is modulated 
by the optical displacement sensing means, which provides a light signal output. 
This output is transmitted across the interface between the rotating shaft and fixed 
housing to the optical-electric converter by an optical transmission means, being a 
fiber optical clockspring. The converter converts the light signal output to an 
electrical output signal, which provides a measure of the torque applied to the 
shaft. 

Referring to Figs. 2, 3 and 4, the torque applied to shaft 1 produces an angular 
deflection of this shaft and hence a displacement "d" over a distance "L" on its 
periphery. This displacement can be generated directly on the shaft, as shown in 
Fig.2, or generated on an apparatus such as a torsion bar assembly, shown in Fig. 
3. Fig. 3 shows a torsion bar assembly comprising torsion bar 2 in series with 
shaft 1 with a torsional compliance different to shaft 1 , link 3 attached to one end 
of torsion bar 2 and link 4 attached to the other end of torsion bar 2. Referring to 
Fig. 4, application of torque to the assembly results in an angular deflection of the 
torsion bar and a resultant change in dimension "d". 

Referring to Fig. 5, an application of torque to the torsion bar assembly results in a 
displacement "d" between links 3 and 4 which is measured with an optical 
displacement sensing means. Optical fiber 5 is fixed to link 4 and provides a light 
signal input that illuminates an area T on link 3. The size of area T depends on 
the distance "e" between links 3 and 4 which varies as a function of torque applied 
to the torsion bar assembly. Optical fiber 6 receives light reflected from area "g" 
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on link 3. The size of area "g" likewise depends on distance "e". Area "h" on link 3 
is the area common to areas T and "g" and represents the area wherein light 
emitted from fiber 5 is reflected from link 3 and collected by fiber 6. Thus the 
5 optical signal output, being the amount of light collected by fiber 6, varies as a 
function of torque. An example of this method can be found in "In-cylinder Fiber- 
optic Pressure Sensor for Engine Monitoring and Control", Thomas Poorman, 
Sergey Kalashnikov and Marek Wlodarczyk, published in ICE Vol 26-2 1 996 
Spring Technical Conference, ASME 1996. 

10 

Referring to Fig. 6 and Fig. 7, the torsion bar assembly, comprising torsion bar 2 
and links 3 and 4, is supported in a housing 9 and 10 by bearings 1 1 and 12 and is 
able to rotate with respect to the housing. A fiber optic clockspring, comprising 
fixed part 14 and rotating part 13 is attached to the housing and shaft respectively. 

15 Fiber optic cables 8 are attached at one end to link 3 and the other end to fixed 
part 14 in a coiled arrangement with sufficient space between parts 13 and 14 to 
allow a predetermined range of angular rotation. Depending on direction of 
rotation, this results in winding or unwinding of the coils. The fixed ends of the 
fiber optical cables are connected via optical link 15 to the optical-electric converter 

20 7. This link can be an extension of the cables or additional optical fiber cables. 
The optical-electric converter converts the optical signal output to an electrical 
output signal relating to the magnitude of torque applied to the shaft. 

Referring to Fig. 8 and Fig. 9, a second embodiment of the invention measures the 
25 strain in the torsion bar 2 directly. Fig. 9 shows the ends of fiber optical cables 24 
and 25 which are firmly attached to the torsion bar such that respective areas 26 
and 27 experience the strain generated in torsion bar 2 by the application of torque 
to shaft 1 . Preferably areas 26 and 27 are aligned with the axes of principal strain 
of the surface of torsion bar 2. These areas comprise gratings or cavities which 
30 are sensitive to strain, such that light passing down the cables is reflected back up 
the cables with a resultant change in frequency, time delay or phase change as a 
function of strain. Details of such gratings and cavities can be found in the 
publication "Fiber Optic Sensors" by Eric Udd, published by SPIE 
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International Society for Optical Engineering as volume CR44, ISBN 0-8194-0980- 
4. Shaft 1 and torsion bar 2 are supported in housing 16 and 17 by bearings 18 
and 19 and, as before, are able to rotate with respect to the housing. A fiber optic 
clockspring, comprising fixed part 23 and rotating part 22 is attached to the shaft 
and housing. Fiber optic cables 24 and 25 are attached at one end to the fixed 
part 23 and at the other end to the rotating part in a coiled arrangement with 
sufficient space between parts 23 and 22 to allow a predetermined range of 
angular rotation. 

Depending on direction of rotation, this results in winding or unwinding of the coils. 
The fixed ends of the fiber optical cables are connected via optical link 21 to the 
optical-electric converter 20. This link can be an extension of the cables or 
additional optical fiber cables. The optical-electric converter converts the optical 
signal output to an electrical output signal relating to the magnitude of torque 
applied to the shaft. 

Figs. 10, 1 1 and 12 show a third embodiment of the invention. The torsion bar 
assembly comprises torsion bar 2, link 28 attached to one end of the torsion bar 
and link 29 attached to the other end of the torsion bar. Flexible member 40 is 
attached to one end of link 28. Pin 30 connects link 29 and flexible member 40. 
Application of torque to the assembly results in angular displacement of link 29 
with respect to link 28. This angular displacement is converted into a change in 
radius of curvature "f of flexible member 40. The fiber optical cables 5 are 
attached to flexible member 40 in such a manner that light passing through them is 
attenuated by an amount relating to the radius of curvature of flexible member 40. 
Thus the cables convert an optical signal input to an optical signal output which is 
a function of torque in the shaft. The method of preparing and attaching the 
cables can be understood by reference to International Application WO 94/29671. 
The torsion bar assembly is supported in housing 31 and 32 by bearings 36 and 37 
and is able to rotate with respect to the housing. A fiber optic clockspring, 
comprising fixed part 34 and rotating part 33 is attached to the housing and shaft 
respectively. Fiber optic cables 5 are formed in a loop, with the looped ends 
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attached to flexible member 40 and the other ends to the fixed part 34 in a coiled 
arrangement with sufficient space between parts 33 and 34 to allow a 
predetermined range of angular rotation. Depending on direction of rotation, this 
5 results in a winding or unwinding of the coils. The fixed ends of the fiber optical 
cables are connected via optical link 38 to the optical-electric converter 39. This 
link can be an extension of the cables or additional optical fiber cables. The 
optical-electric converter converts the optical signal output to an electrical output 
signal relating to the magnitude of torque applied to the shaft. 

10 

Figs. 13 and Fig. 14 are similar to Fig. 6 and Fig. 7 showing another embodiment 
( of the fiber optical clockspring. The torsion bar assembly and optical displacement 

sensing means are essentially the same as shown in Fig. 6 and Fig. 7. However, 
the fiber optical clockspring comprises an annular space in which the fiber optic 
15 cables 41 have a U shaped portion 45 that will move at an angular speed less than 
that of rotating shaft 1 . 

Fiber optic cables 41 are unwound from fixed member 44 and wound onto the 
rotating member 43 in the opposite direction of winding for one direction of rotation 

20 of the rotating member. For the other direction of rotation, the cable in unwound 
from rotating member 43 and wound onto fixed member 44 in the opposite 
direction of winding. A "C" shaped cable guide 42 may be used, either driven by 
( the movement of the cables or by the relative rotation between the rotating and 

non-rotating parts. This arrangement reduces noise generated by sliding of the 

25 fiber optical cable coils compared to the arrangement shown in Fig. 6 and Fig. 7. 

Referring to Fig. 15, the optical-electric converter may include a light source that 
provides the light signal input to the rotating optical displacement sensing means 
via the optical transmission means. 

30 

Referring to Fig. 16, in another embodiment the light source is included as part of 
the rotating optical displacement sensing means. Electrical power may be 
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supplied via electrically conductive elements incorporated in the optical 
transmission means. 

It will be appreciated by persons skilled in the art that numerous variations and/or 
modifications may be made to the invention as shown in the specific embodiments 
without departing from the spirit or the scope of the invention as broadly described. 
The present embodiments are, therefore, to be considered in all respects as 
illustrative and not restrictive. 
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1 . A transducer for measuring torque in a rotating shaft, the shaft at least 
partially surrounded by a fixed housing, characterised in that the transducer 
comprises an optical displacement sensing means, an optical transmission 
means, and an optical-electric converter means, the optical displacement 
sensing means residing on the shaft and modulating a light signal input to 
provide a light signal output relating to the magnitude of torque, the light 
signal output communicated to the optical-electric converter means via the 
optical transmission means, the optical transmission means comprising an 
optical clock spring, the optical-electric converter means either mounted to 
the housing or external to the housing, the optical clock spring comprising 
one or more flexible fiber optical cables, each cable arranged to be of 
sufficient length to allow the measurement of the magnitude of torque over a 
predetermined angular range of rotation of the shaft and the optical-electric 
converter means thereby providing an electrical output signal relating to the 
magnitude of the torque in the shaft. 

2. A transducer for measuring torque in a rotating shaft as claimed in Claim 1 , 
wherein the housing substantially surrounds the shaft and an annular space 
exists there between enclosing the clockspring. 

3. A transducer for measuring torque in a rotating shaft as claimed in Claim 2, 
wherein the clockspring is wound into a single coil that partly winds or 
unwinds depending on the direction of rotation of the shaft. 

4. A transducer for measuring torque in a rotating shaft as claimed in Claim 2, 
wherein the clockspring is in the form of two coils wound in opposite 
directions and, for a given direction of rotation of the shaft, one coil winds and 
the other unwinds. 
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5. A transducer for measuring torque in a rotating shaft as claimed in Claim 1 , 
wherein the optical displacement sensing means comprises a torsionally 
compliant member that produces an angular or linear displacement between 
first and second positions on the shaft dependent on the magnitude of torque 
in the shaft. 

6. A transducer for measuring torque in a rotating shaft as claimed in Claim 5, 
wherein first and second link members are attached to the shaft at the first 
and second positions respectively, the displacement resulting in a variation in 
distance or angle between one surface attached the first link and another 
surface attached to the second link, the variation modulating the intensity of 
the light signal output compared to the light signal input. 

7. A transducer for measuring torque in a rotating shaft as claimed in Claim 6, 
wherein one of the surfaces is reflective and modulation of the intensity of the 
light signal output is achieved by changing the amount of reflected light 
collected by the one or more fiber optical cables. 

8. A transducer for measuring torque in a rotating shaft as claimed in Claim 5, 
wherein the displacement results in strain in the compliant member, a portion 
of one or more of the fiber optical cables rigidly attached to the compliant 
member is thereby also strained, thereby resulting in a change in frequency, 
delay time or phase of the light signal output compared to the light signal 
input. 

9. A transducer for measuring torque in a rotating shaft as claimed in Claim 8, 
wherein the strain elongates a grating applied to the strained portion of the 
one or more fiber optical cables, comprising repetitively spaced variations in 
refractive index or cable dimensions. 
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10. A transducer for measuring torque in a rotating shaft as claimed in Claim 8, 
wherein the strain elongates a cavity included in the strained portion of the 
one or more fiber optical cables, comprising of two partially or completely 

5 reflecting surfaces substantially parallel to each other and spaced by a given 

distance. 

11. A transducer for measuring torque in a rotating shaft as claimed in Claim 5, 
wherein first and second link members are attached to the shaft at the first 
and second positions respectively and are interconnected by a beam, the 

10 displacement producing a variation of curvature of the beam dependent on 

the magnitude of torque, the variation of curvature resulting in change of 
shape of the one or more fiber optical cables attached to the surface of the 
beam, thereby modulating the intensity of the light signal output compared to 
the light signal input. 

15 12. A transducer for measuring torque in a rotating shaft as claimed in Claim 1 , 
wherein the optical-electric converter means comprises a light source, which 
generates the light signal input. 

13. A transducer for measuring torque in a rotating shaft as claimed in Claim 1 , 
wherein the clockspring also comprises one or more electrical conductors. 

20 14. A transducer for measuring torque in a rotating shaft as claimed in Claim 13, 
wherein the electrical conductors are used to power a light source rotating 
with the shaft, providing the light signal input. 
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Fig 9 
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Fig 10 
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